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A 3STRAC

Large amplitude, noncompressive Alfvén waves and rotational discontinuities are shown to be
“arc-polarized”  The slowly rotating Alfvén wave portion plus the fast rotating discontinuity
Comprise 360" n phase rotation. The magnetic ficld vector perturbation ies in a planc. There
arc. wo (or more) possible interpretations to the observations. The {irst is that the waves are
plane polarized, and are propagating in the minimum variance direction. With this interpretation,
the waves would be propagating at substantial angles to B, and would consist of both right-hand
and left-hand polarized components.  We discuss several significant problems with this
_A__:o_._:.n:_:o:. A sccond interpretation is that the waves are spherical rather than planar. The
arc-polarization can be thought of as a large amplitude extension of lincarly polarized waves.
:

Thus, this interpretation is that these Alfvén waves and discontinuitics are spherical waves which
are arc-polarized, or stated more succinetly, they arc arc-polarized spherical waves. If this 1s

correct hen the direction of wave propagation k is in the intermediate variance direction
INTRODUCTION
1t has alrcady been theoretically argucd that nonlincar Alfvén waves cannot be plance polarized

(Barnes, 1976). For large-amplitude waves i which the magnetic ficld magnitude is conserved,

the ficld perturbation vector rotates on the surface of a sphere (Goldstein et al.. 974). Goldstein

al. ( 974) further pointed ou that “the direction of propagation of these [large amplitude]
waves, cannot be determined by looking for minimum in a variance matrix constructed from
observed field fluctuations™, Barnes (198 ) and T'surutani ¢t al. (1993) have demonstrated hat
even for small amplitude waves, minimum variance analyses of intervals containing many waves
or many wave cycles might be meaningless. There can be significant crrors in both in the
direction of propagation and/or in wave polarization. Only single wave cycle analyses can cad

lo meaningful results, even for waves with small amplitudes

Recently, Jlysses results (Tsurutani et al., 994, 1996; Smith ct al., 19954, b; Balogh ct al.,

995: Torbury ct al., 995) have indicated the sresence of large amplitude, IABI/IBI~1--2, Alfvén
waves within high-speed streams emanating from coronal holes (Phillips et al., 9951, b). The

Alfvén waves are often phase-steepened, with rotational discontinuities (RDs) bounding the
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edges (Tsurutanictal.1994;19954;1996). The nonlincar Alfvén waves and RDs are typically
arc-polarized (T'suratani et al., 1994; 1995a; 1996; Riley ctal.,1995; 1996).

The purpose of this paper is to examine the field and plasmadata for nonlinear arc-polarized
Alfvén waves and rotational discontinuities to explore the applicability or nonapplicability of the
Principal AXis (PA) technique of Sonnerap and Cahill ( 1967). Wc will argue that the Principal
AXxis (PA) technique is applicable for finding the wave direction of propagation for arc-polarized
waves. 1 1o wevcel, we will argue that wave propagation dircctionk is not in the minimum

Varianee direction, but ties along the intermediate variance direction,

METHOD OFF ANALYSIS

‘The covariance of the cress products of the three orthogonal components of the magnetic field
arc diagonalized, giving three cigenvalues (A, A,, A ;). corresponding to the maximum.
intermediate and minimum variance dircctions,respectively. w e will call the corresponding
cigenvectors L)}\Ql\; The dircction of minimum variance, k3. gives the normals to surfaces
such as tangential discontinuities. Italso gives the direction of propagation k for circularly or
clliptically polarized clectromagnetic waves (Smith and Tsurutani, 1976), We will apply this
generalmethod of analysis for the analysis of arc-polarized Alfvén waves and rotational
discontinuitics and comment on the interpretation of the results.,

RESULTS

I'igure 1 shows anexample o { a magnetic ficld discontinuity at ~00 58 UI'l', August 6, 1995. The
Ulysses spacecraft was at a heliographic latitude 480.5° andadistance 2.() AU from the sun.
The top pancl shows the field componentin the minimum variance coordinate system as

described previously.  The magnetic field magnitude pancl shows that the magnetic field
magnitude is conservedacross the discontinuity. The ficld is primarily along the IA33 direction

and is almost zero along Bs. Similar discontinuitics were observed by Neugebauer (1 989).
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The bottom panelin Figure 1 gives the hodogram for the discontinuity in the B, - B, planc. By
definition, the Majority of the vector perturbation isin the B, direction and less perturbation in
the BB, direction (A, /A, = 28). The perturbation vector sweeps outan “arc“ in the hodogram. The

variation in the B, direction is less thanin the I3, dircction, as the ratio A, /A, = 2.6 indicates. The

angle between ky and B, is 89°. The angle between ky and B, is 127, a point that we will

return to later.

Figure 2aillustrates arotationin the ambient magnetic field on July 29, 1995. Ulysses was again
over the north heliographic pole at approximately the same distance as the previous example.
The ficld variation is againillustrated in the minimum variance coordinate system. The field
magnitude is constant, to first order. The field is primarily in the k5 dircction and is smallinthe

Kz component.

Figure 2b gives the hodogram for the points -3 interval (sce the Figure)in the B, -112 plane.
The perturbation starts at point « I« and ends at point. “3” . From point “I” to “2” the field rotates
slowly, and from point “2” to point “3” the rotation is muchmore rapid (thelatter interval
includes the rotational discontinuity). The rotation is originally from left to rightand thenback
to the leftagain. This is the relationship of an Alfvén wave and arotational discontinuity
discussed in Tsurutanict al. (1994). The rotational discontinuity and “wave” together forma
3607 rotation in phasce. Thus the rotational discontinuity can be interpreted as the phase-

steepenededge of an Al fvénwave. X /A, is ~4.5and L,/A, = 3.8, The angle o f &3 relative to B,

is 77 and the angle of ko relative to B, is 13"

For both examples shown (Figures land 2), the perturbation vector rotates in a planc. This is
shown by the large ratios of A,/A,, 2.6 and 3.8, respectively. Thus, one possible interpretation is
that these arc-polarized waves are pmpagulingul(mglhcl:'l direction. In these two cases Oy
would thus be 89° and 727, respectively. Such highly obliqueangles Of propagationsecemingly
wouldbe peculiar.  Also for the latter case (Figure 2), this interpretation would imply that the
slow rot ational partand fast rotational part of the wave would correspond to a left-hand polarized
(Al fvénic) portion and right-hand polarized (magnetosonic) portion, assuming propagat 1on aw ay
from the sun (if propagating towards the sun, the sense of rotation would b ¢ reversed). Since the

phase speeds o 1 left-hand waves and right-ha nd waves are considerably different (the right-hand
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branchhas higher phasc-speeds), one would expect the right-hand portion to quickly pull away.

The “wave” could not stay intact.

There arc other problems with the inlcrprclmi(mlhall:'} defines the dircction o1 propagation of
the arc-polarized wave. The magnetosonic portionshouldbe compressive. cspecially if it is
propagating ncarly orthogonal toB,,. ‘1'here. isno cvidence for this in the data. in fact, the field
magnitude in the fast rotational portion is slightly less thaninthe slow rotational portion.
Another problem is that the slowly rotating portion dots not always have only one sense 01
“polarization”.  In the example shown in Tsurutaniet a. (1 994), the slow rotating portion
covered about 2707 in phase rotation (not shown). <1'bus, forthis case, the SIOW rotation consisted
of bothleft-hand and right-hand polarized parts.  This corresponds to “angular overshoots™

discussed in Neugebauer (1989). Again, the “wave” would quickly separate into two parts.

DO ARC-POLARIZED WAVES PROPAGATI IN 'J'}]lilzp [) IRICI"1ON’?

To explore the meaning of the principalaxis results for arc-polarized RDs and Al fvén waves, we
show a schematic for both lincar and nonlinear Alfvén waves (rotational] discontinuitics are high
frequency Alfvén waves) inFigure 3. At the top, a small amplitude Alfvén wave train 1S
schematically shown (taken after Alfvén, 1950). The wave amplitudes arc small (#1n1)in
comparisonto the ambicent field strength of 10 n'l', so the waves arc essentially“lincar”inthis
case. The waves are transverse and noncompressive. The waves arc propagating in the + or - X-

direction, This is the standard one-dimensional Alfvén “wave train” shown in many textbooks.

The direction of maximum variance IS along the z-axis. The minimum variance is the X - §
plane. Tor this case A, = A, = 0. However, because the wave is lincarly polarized ., the direction

of K can only be localized to the plane perpendicular to by the minimum variance technique.

The MV technique does not give a unigue solution for this case.

Figure 3b is a similar case, butforawave with much larger amplitude.  The wave 1S again
noncompressive and therefore must now be “arc-polarized™ to maintain constant IBL The tip of
the magnetic perturbation vector rotates on the surface of a sphere (Goldstein ¢l al.. 1974).

Althoughthe dominantperturbation is stilt in the Zdirection, there are now perturbationsin the

~-direction as well. A Principal Axis Analysis would show that the maximum variance is
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along 7., intermediate variance in the X-dircection, and the minimum variance in the y-direction

as illustrated in the Figure. Note that the perturbation veetor lies in a plane (x-2), similar to the
dataecxamples of Figuresland 2. Wc have alrcady givenarguments why it is difficult 1o
imaginc that the wave is propagating in the y-direction. A simpler explanation is that the wave is
propagating in the X direction. Asthe linearly polarized waves grow inamplitude from alincar
tononlincar state (from 3a 1o 3b),in order o maintainincompressibility, (hey gradually evolve
into arc-polarized states. in this scenario, the wave polarization doesnot consist of aleft-hand
and aright-hand component at all, but the entire 360° phase cycle is “arc-polarized”. Also in this
interpretation the waves arc not planc-polarized. The waves arc a special case of spherical waves
(the perturbation vector rotates on the surface of a sphere). Thus. a more definitive label would

be “arc-polarized spherical waves”.

Pancl 3¢) shows the relevant wave perturbation vectors. For the case where the wave magnetic

ficld perturbation By, is in the 47 dircction, as seen in the previous data examples, the 'V,

perturbation is in the same direction. The wave clectric field, b, is given by

‘W

I, (1)

11s, ¢ isin the —§ dircction. The Poynting vector or direction of wave energy is ¢ ven by:

W

k=T x I "
k=15, x B, (2)
F'rom the schematic, it is noted that this is along the X axis, or along the ambient magnetic ficld.
This sense is the same as that for small amplitude waves shownin 3a. Note that the direction of

wave energy is along ko or the intermediate variance direction.

Figures 4a and 4b show the results of principal axis analyses of 40 spherical arc-polarized Alfvén
wave events and 63 noncompressional (AIBI/IBI< ().2) directional discontinuities (12Ds) with arc
polarization. The discontinuity Set consisted of all clear arc-polarized events thatoccurred
withinasingle day. Thetop pane] gives the number of events over 107 angular bins of ko

refative 0 B,,. For the slowly rotating AHfvén w aves, the greatestnumber Of’events occur at
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large Own, angles.  The discontinuities have a broad range of angles betweenk, and B.

However, when the number of cases are normalized by taking the solid angle subtended into
account, we get the bottom two panels. From these normalized distributions, it is found that
Alfvén waves and the arc-polarized discontinuities are primarily directed along the ambicnt
magnetic ficld. ‘Ibis is consistent with the results obtainedinthe ecliptic plane (Belcher and
Davis, 1971), at high latitudes (Smith ¢t al., 1995b), and here using analyses involving V and
B,

0

CONCLUSIONS

For circularly polarized or elliptically polarized clectromagnetic waves, k3 gives the correct
wave direction of propagation (Smith and Tsurutani, 1976). For small amplitude lincarly
polarized clectromagnetic waves, there is a360° ambiguity, and therefore k cannot be
determined from the MV mcthod alone, However, as the noncompressive lincarly polarized
waves become larger inamplitude, the “arc” removes the ambiguity from principal axis analysis
results such thatthe wave k can be determined. One possible interpretation is that the waves are

spherical waves with arc-polarizationand that the wave k is along the intermediate variance

direction,
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Figure Captions

Figure I. A magnetic field discontinuity at+80°latitude,and 2.0 AU from the sun. The

discontinuity is arc-polarized.

Iigure 2. An arc-polarized Alfvén wave plus arc polarized rotational discontinuity. The two
perturbations are nearly coplanar.

Figure 3. A schematic for small amplitude lincarly polarized Alfvén waves (top) and large

amplitude arc-polarized Alfvén waves (bottom).

Figure 4. The angle between the intermediate variance direction and B,, for 40 arc-polarized
Alfvén waves and 63 arc-polarized discontinuitics (top pancls). The bottom panels arcthe

datain the top panels normalized by solid angle.
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